Abstract: Silyl-substituted pyrrolidines have gained increased interest for the design of new catalyst scaffolds. The molecular structures of four enantiomerically-pure 2-silylpyrrolidinium salts are reported.
Introduction
In 2010, we and others reported on the enantioselective synthesis of 2-silylpyrrolidines as organocatalysts for the asymmetric Michael addition of aldehydes to nitroolefines [1, 2] . Since then, some impressive developments in the catalyst design have been achieved, overcoming synthetic challenges and introducing pyrrolidinylsilanols as bifunctional hydrogen bond-directing organocatalysts [3, 4] . The stereochemical information of 2-substituted silylpyrrolidines was introduced by asymmetric deprotonation of N-(tert-butoxycarbonyl)pyrrolidine (N-Boc-pyrrolidine) with sec-butyllithium in the presence of (-)-sparteine [5, 6] , followed by a substitution reaction with a silyl halide or methoxide as the electrophile. Concerning the first successful preparation of enantiomerically-pure (S)-2-(triphenylsilyl)pyrrolidine [(S)-1], we established an indirect synthetic route via intermediate formation of 2-(methoxydiphenylsilyl)-N-Boc-pyrrolidine [1] . Recently, a detailed structural and kinetic investigation gave new insight into the structure-reactivity relation in enamines and iminium ions derived from 2-tritylpyrrolidine [7] and 2-(triphenylsilyl)pyrrolidine [8] .
(S)-2-(Triphenylsilyl)pyrrolidine [(S)-1] and (S)-2-(methyldiphenylsilyl)pyrrolidine [(S)-2]
have already been structurally characterized in the form of their hydrochloride [1, 2] and their hydrobromide salts [3] (Figure 1 ).
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In addition, we report on hydrogen-bonding motifs in the new enantiomerically-pure methanol inclusion compound (S)-1·HCl·MeOH and in the enantiomerically-pure trifluoroacetate (S)-2·TFA. Hydrogen bonding in enantiomerically-pure pyrrolidines is worth studying in order to explore new activation modes in organocatalytic transformations.
Results and Discussion
Compound (S)-1·HClO 4 crystallized in the monoclinic crystal system, space group P2 1 , as colorless plates ( Figure 2 and Table 1 ). The pyrrolidinyl nitrogen atom of (S)-1·HClO 4 has been protonated by perchloric acid and is involved in hydrogen bonds to two perchlorate anions via H(1N) and H(2N). The hydrogen bond N-H(1N)···O (1) . The C-Si bond lengths of the triphenylsilyl moiety are comparable to those found in the hydrochloride species (S)-1·HCl [1] and in other triphenyl-substituted silanes [9, 10] . The C(19)-Si bond between silicon and the heterocyclic carbon atom amounts to 1.9111(15) Å and is in the characteristic range for 2-(triphenylsilyl)pyrrolidines [1] (Figure 2 ). This significantly longer bond compared to the respective C-C bond in the carbon analogue 2-tritylpyrrolidine was considered a crucial parameter for the higher reactivity of (S)-1 in enamine catalysis [1] . [1] by treatment with perchloric acid. In addition, we report on hydrogen-bonding motifs in the new enantiomerically-pure methanol inclusion compound (S)-1·HCl·MeOH and in the enantiomerically-pure trifluoroacetate (S)-2·TFA. Hydrogen bonding in enantiomerically-pure pyrrolidines is worth studying in order to explore new activation modes in organocatalytic transformations.
Compound (S)-1·HClO4 crystallized in the monoclinic crystal system, space group P21, as colorless plates (Figure 2 and Table 1 ). The pyrrolidinyl nitrogen atom of (S)-1·HClO4 has been protonated by perchloric acid and is involved in hydrogen bonds to two perchlorate anions via H(1N) and H(2N). The hydrogen bond N-H(1N)···O (1) [1] and in other triphenyl-substituted silanes [9, 10] . The C(19)-Si bond between silicon and the heterocyclic carbon atom amounts to 1.9111(15) Å and is in the characteristic range for 2-(triphenylsilyl)pyrrolidines [1] (Figure 2 ). This significantly longer bond compared to the respective C-C bond in the carbon analogue 2-tritylpyrrolidine was considered a crucial parameter for the higher reactivity of (S)-1 in enamine catalysis [1] . Previously-known single-crystal X-ray diffraction data of compound (S)-1·HCl correspond to the chloroform adduct (S)-1·HCl·CHCl 3 [1] . After recrystallization of compound (S)-1·HCl from methanol, single crystals of the methanol including compound (S)-1·HCl·MeOH were obtained ( Figure 3 and Table 1 ). Compound (S)-1·HCl·MeOH crystallized in the orthorhombic crystal system, space group Previously-known single-crystal X-ray diffraction data of compound (S)-1·HCl correspond to the chloroform adduct (S)-1·HCl·CHCl3 [1] . After recrystallization of compound (S)-1·HCl from methanol, single crystals of the methanol including compound (S)-1·HCl·MeOH were obtained ( Figure 3 and Table 1 Compound (S)-2·HClO4 crystallized in the monoclinic crystal system, space group P21, as colorless plates (Figure 4 and Table 1 Figures 2 and 4) . The C-Si-C angles are in both independent molecules very close to the ideal tetrahedral angle (Figure 4) . Compound (S)-2·HClO 4 crystallized in the monoclinic crystal system, space group P2 1 , as colorless plates ( Figure 4 and Table 1 ). The asymmetric unit of compound (S)-2·HClO 4 Figures 2 and 4) . The C-Si-C angles are in both independent molecules very close to the ideal tetrahedral angle (Figure 4 ). Enantiomerically-pure single crystals of (S)-2·TFA were obtained after recrystallization from acetonitrile. Compound (S)-2·TFA crystallized in the orthorhombic crystal system, space group P2 1 2 1 2 1 , as colorless needles ( Figure 5 and Table 1 
Experimental Details

Synthetic Methods
Synthesis and characterization data of compounds (S)-1·HCl and (S)-2·HCl were previously reported by our group [1] . The perchlorate salts (S)-1·HClO4 and (S)-2·HClO4 were prepared by treatment of (S)-1·HCl and (S)-2·HCl, respectively, with excess perchloric acid (60 wt %). Colorless single-crystals were formed overnight under normal atmosphere at room temperature within the remaining solvent. Single crystals of the inclusion compound (S)-1·HCl·MeOH were obtained after recrystallization of (S)-1·HCl from methanol. (S)-2·TFA was prepared by treatment of 800 mg (2.99 mmol) enantiomerically-enriched (S)-2-(methyldiphenylsilyl)pyrrolidine [(S)-2, e.r. = 89:11] with 341 mg (2.99 mmol) trifluoroacetic acid in 10 mL dichloromethane at room temperature. After removing of all volatiles in vacuo, the residue was dissolved in acetonitrile. Enantiomerically-pure single crystals of (S)-2·TFA were formed under normal atmosphere at room temperature within three months. 
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Conclusions
In the context of studies concerning the effect of the counter anion in organocatalytic reactions with polar species involved, we were interested to synthesize salts of optically-pure 2-silylpyrrolidines with different counter anions for further reactivity studies, which might be of interest in terms of hydrogen-bond activation in the initial enamine formation step. By studying the hydrogen-bonding behavior of 2-silylpyrrolidines, interesting information about silicon-specific effects on the basicity of the pyrrolidine nitrogen center may be provided. Future studies will also address the respective salts of the carbon analogue 2-tritylpyrrolidine for comparison.
Supplementary Materials: The following are available online at www.mdpi.com/2304-6740/5/4/88/s1. Cif and cif-checked files.
